The motion of magnetic nanowires can be manipulated by a magnetic field in liquids so that their distribution, alignment and orientation can be effectively controlled. The small dimensions of nanoscale entities result in an extremely low Reynolds number, and a steady state Stokes flow approximation was adopted to analyze the nanowire motion under the influences of applied field. The effects of fluid viscosity and external field on the motion of different sized nanowires were investigated. Polydimethylsiloxane composites with nickel nanowires as reinforcing fillers were synthesized as a demonstration of the effectiveness of magnetic alignment. Anisotropic magnetic properties and mechanical strengthening effects were explored.
Introduction
The capability of manipulating nanoscale entities in suspensions will help in the development of micro-nanofluidic components, anisotropic polymer composites, optical switches and bio/chemical devices. Compared to techniques based on optical tweezers [1] [2] [3] , electrorotation [4, 5] , electrophoresis [6, 7] and fluidic flow/electrospinning [8] [9] [10] , manipulation of one-dimensional nanomaterials using magnetic field provides a non-contact, efficient, low cost, and easy-to-implement alternative without sample size or geometry limitations. Estimations of the driving torques generated by different manipulation methods are summarized in table 1. For calculations, a Ni nanowire of length 40 μm and radius 100 nm rotating in water is considered. For a nanowire with defined size, magnetic field manipulation is much more effective than other approaches if the nanowire is ferromagnetic. By utilizing electrochemical or electroless synthesis, magnetic segments or coatings can be effectively deposited on various nanostructures; therefore it is possible to use a small magnetic field to effectively manipulate a wide range of nanomaterials.
Analytical nanowire rotation model development
Apart from the engineering and application potentials, the study of nanomaterial motion in liquids can also provide new physical insights in nanoscale hydrodynamics. Although Table 1 . Comparison of the driving torques by different manipulation methods. In the calculation, the following values are used: magnetic field = 4.6 × 10 −4 T, angle between wire and magnetic/electric field θ l = 90
• , electric field E = 1000 V m −1 , permittivity of water ε m = 7 × 10 −10 F m −1 , frequency ω = 15 Hz, power of laser beam P = 1 mW. In addition, α wire is the polarizability of the wire [5] , K (ω) is a frequency dependent factor [6] , and c w is the velocity of light in water. 
Electrorotation by ac electric field [5] τ e = Dielectrophoresis [6] 
magnetic field alignment of nanowires has been demonstrated recently [11] [12] [13] [14] , analytical models describing the nanowire motion in liquids are still lacking. In this paper, a quantitative analysis of nanowire motion under the influences of external driving field and the resisting fluid drag force is presented. Based on magnetic field alignment, polymernanowire composites with controlled nanowire orientation have been successfully synthesized. Anisotropic magnetic and mechanical strengthening effects in the nanocomposites have also been studied.
When the competing torques generated by the external field (τ m ) and the resisting fluid drag (τ d ) are considered, the equation for nanowire rotation can be written as
where I , α w , r, L and ρ are the moment of inertia, angular acceleration, radius, length and mass density of the nanowire, respectively. The field generated torque is a function of the nanowire's magnetization (M s ) as well as the applied field (H ). It has the form of
where m is the moment and θ l is the angle between the nanowire and the field at any instant of time (t). Fluid drag torque for a cylinder rotating around its midpoint ( figure 1(a) ) is estimated based on the analytical solution for the translational motion [15, 16] of a prolate spheroid and is given by
where ω w is the nanowire's angular velocity, η is the dynamic viscosity of the fluid, and C is a geometric factor determined by both the nanowire's length and radius [16] . Values of M s = 485 × 10 3 A m −1 for nickel (Ni) and C = 0.15 have been used in our calculations.
When the external field direction is fixed as shown in figure 1(a) , it can be found that θ H = θ l0 = θ w (t) + θ l (t), ω H (t) = 0 and ω w (t) = −ω l (t) with initial conditions θ l (t = 0) = θ l0 and ω l (t = 0) = 0. Under these considerations, the governing equation for nanowire motion can be derived based on equations (1)-(3) as
Equation (4) has a similar form as the forced vibration with damping. The general expression of Reynolds number is Re = 2rρ f V /η, where ρ f is the fluid density and V is the linear velocity of the nanowire. For a wire with a length of 20 μm and a radius of 100 nm rotating in water at 1000 rpm, Re is estimated to be 4.7×10 −4 . A closer look at equation (4) reveals that a small Reynolds number corresponds to a large damping coefficient B(=4ηC/r 2 ρ). The numerical solutions of the effects of this damping term are shown in figures 1(b) and (c). Mathematically, a nanowire can oscillate around the applied field if the damping is small. But for a nanoscale entity, no such oscillating behavior can be observed even for a low-viscosity liquid. The viscous flow behavior will make the acceleration and deceleration of the nanowire almost instantaneous. When the drag term is zero, the maximum nanowire rotation speed is achieved along the field direction where the driving force and acceleration become zero. With large fluid drag, the drag torque can balance the driving torque in very short period of time and the maximum nanowire speed (ω w,max ) will be achieved when the lag angle between the nanowire and the field is 90
• . Thus, ω w,max can be estimated by equating τ m and τ d , and is given by
It can be seen from equation (4) that the nanowire size, liquid viscosity, external field (magnitude and direction) and initial wire-field angle (θ l0 ) influence the alignment process. For a Ni nanowire (in water), with a fixed nanowire radius, it takes more time for a longer nanowire to align with the field (figure 2(a)). Qualitatively this is because the magnetic moment, and thus the magnetic driving force, is directly proportional to the nanowire length L. The drag torque and the nanowire rotational inertia are proportional to L 3 . Therefore, a longer nanowire will experience slower acceleration and larger drag. Figure 2(b) shows that a wire with larger diameter rotates faster. This is because the drag force is a weak function of r but the magnetic driving force and rotational inertia are proportional to r 2 . With increasing r , the second drag term in equation (4) decreases and leads to a decrease in alignment time.
Considering the effect of initial magnetic field orientation (θ l0 ), figures 2(c) and (d) summarize the variations of lag angle and corresponding angular velocity versus time. Calculations have been carried out for a Ni nanowire with L = 40 μm and r = 100 nm in water under a field of 4.6 × 10 −4 T. When θ l0 < 90
• (such as 60 • ), the nanowire accelerates in short period of time, reaches a terminal velocity of −27.3 rad s value of −31.5 rad s −1 . This corresponds to the maximum possible nanowire rotation speed, ω w,max , calculated based on equation (5) .
During alignment, the nanowire rotates in a non-steady flow state. However, because the change in nanowire velocity is much slower than the viscous timescale 4r 2 /μ (μ is the kinematic viscosity of the fluid), the steady Stokes solution still provides a good approximation to the problem. For a nanowire with a length of 40 μm and a radius of 100 nm, 4r 2 /μ is 4.5 × 10 −8 s in water. From figure 2(d), it can be seen that the time required for initial acceleration of nanowire alignment in water is about 10 −6 s and the total alignment time is in the order of milliseconds.
Experimental details
Ni nanowires fabricated by template assisted electrodeposition in alumina membranes (Anodisc, Whatman) were used for our experiments [17] . In this approach, one side of the nanoporous templates was covered by a sputter deposited Au layer and different materials can be electrodeposited from this bottom working electrode and shaped into nanostructures complementary to the shape of pores. Ni nanowires are electrodeposited at room temperature from a solution of 1 M NiCl 2 ·6H 2 O, 2.2 M NH 4 Cl and 0.35 M H 3 BO 3 buffered to a pH of 2.6. The deposition was carried out at a constant applied voltage of −1.0 V with respect to a Ag/AgCl reference electrode. After deposition, the gold layer was removed mechanically and the nanowires were collected by dissolving the alumina membrane in 1 M NaOH at 40
• C for 24 h. The nanowires were then ultrasonically cleaned with deionized (DI) water and ethanol multiple times before being collected by centrifugation. All chemicals were purchased from Alfa Aesar. For nanowire alignment measurements, the dried Ni nanowires were suspended in various fluids using ultrasonication. The nanowire motion was captured by a CCD camera through an optical microscope, and the magnetic field was generated by a set of 3 inch diameter Helmholtz coils. In order to control the field direction, the Helmholtz coils were placed on a platform driven by a computer controlled DC motor.
For composite fabrication, dry Ni nanowires were mixed with uncured PDMS (Sylgard 184, Dow Corning) by a combination of mechanical stirring and ultrasonication. The mixture was cast in a Petri dish and vacuum degassed. For mechanical measurements, cured samples were cut with a custom fabricated ASTM D412 die-cut. The tensile tests were performed on a high-resolution home-built micro-tensile apparatus [18] (strain resolution 0.002, load resolution 0.02 N). The strain rate was kept at 0.3 mm min −1 during the test. The magnetic properties of the Ni-PDMS composite were measured on a DMS EV5 vibrating sample magnetometer (VSM).
Results and discussion
Observations of the alignment of Ni nanowires (with the same diameter) in various fluids are summarized in figure 3(a) . In addition to the field's magnitude and its initial orientation, liquid viscosity and nanowire size had prominent effects on the alignment of the nanowires. The fluid viscosities are listed in table 2. As the viscosity of the fluid increases, the time required to align the nanowire in the direction of field increases. The height of the suspended nanowire from the bottom of the glass slide was determined by adjusting the microscope focus. To minimize floor (glass slide) drag effects, only wires with a suspended height larger than 200 μm were investigated. figure 3(c) . It can be seen that C = 0.15 underestimates the drag coefficient; the experimental results correspond to a value of C = 0.35.
The effects of the magnitude of the external field on the nanowire alignment in PDMS are demonstrated in figure 3(d) . As the magnitude of the field increases, the alignment time decreases.
The initial viscosity of the PDMS mixture was determined to be about 1600 mPa s by an Advanced Rheometric Expansion System (Rheometric Scientific, Inc.). Due to the high viscosity, the nanowire rotation in PDMS is much slower than in other liquids.
One of the potential applications of alignment of one-dimensional nanostructures is in the development of anisotropic polymer nanocomposites. Figures 4(a) and (b) show the optical micrographs of cured PDMS composites before and after magnetic alignment (H = 4.6 × 10 −4 T), respectively.
In contrast to the suggested 2D in-plane randomness of nanowire alignment in polymer reported by Vivekchand et al [19] , the unaligned Ni nanowire PDMS sample showed no observable differences from the optical microscopy from the in-plane and two cross-sections. The weak earth field can cause some preferential orientation, but cannot be identified in current samples. The composite contains 4.31 wt% Ni nanowires and by controlling the remnant wire magnetization through ac demagnetization, uniform wire dispersion was achieved. In addition to the pure PDMS sample, composite samples with random and aligned Ni nanowire at 4.31 wt% were tested. The stress-strain curve of pure PDMS shows typical features of a ductile elastomer. There is no observable plastic deformation and all deformation is elastic. Three regions can be identified: an initial small linear region corresponds to slippage of molecular chains, followed by the uncoiling of the chains with a decreasing modulus of elasticity finally; after all chains are extended, further elastic deformation occurs by stretching of the bonds, leading to a higher modulus of elasticity in the final stage with increasing modulus. As been pointed out in the paper, the elastic region is very small and the majority of the deformation is non-linear. Stress-strain curves ( figure 4(c) ) for pure PDMS, PDMS with randomly oriented nanowires, and aligned samples with longitudinal and transverse loading are presented. The elastic modulus and tensile strength of pure PDMS are measured to be 1.2 MPa and 1.79 MPa, respectively. Significant modulus enhancement (1.67 MPa) and comparable tensile strength (1.8 MPa) were observed for samples with random nanowire orientation. For the composite with aligned Ni nanowires, strong anisotropy in mechanical properties is present. The elastic modulus for longitudinal and transverse measurements is 3.0 MPa and 1.1 MPa, respectively, and the corresponding tensile strength is 2.4 and 1.64 MPa.
Apparently, the level of mechanical reinforcement of fillers in polymer depends on the concentration, distribution and orientation of nanowires. The composite will exhibit isotropic properties with a random distribution of nanowires. Here the Halpin-Tsai model [20] has been adopted to analyze the elastic properties of the composites in terms of nanowire size, concentration and orientation. The longitudinal (E L ), transverse (E T ) and random (E R ) modulus composite sample configurations can be evaluated by [20] 
where l f , d f , v f , and E f are the length, diameter, volume fraction, and elastic modulus of fibers, respectively, and E m is the elastic modulus of the matrix. Based on a pure PDMS modulus of 1.2 MPa, bulk Ni elastic modulus of 200 GPa, a Ni nanowire concentration of 4.31 wt%, average nanowire length of 35 μm and average nanowire radius of 100 nm, the moduli for random composite, and aligned composite with longitudinal and transverse loading were 2.09, 3.56 and 1.22 MPa. The experimental measurements show the same trend of elastic moduli decrease from longitudinal modulus to random modulus to transverse modulus, but the measured data were systematically smaller than these calculated results. This can be attributed to the underestimate of nanowire diameter and possible low-level nanowire agglomeration. PDMS composites also show strong magnetic anisotropy after alignment. Previous studies on the magnetic properties of Ni nanowires demonstrated that due to the negligible Ni crystalline anisotropy and the polycrystalline microstructure, the magnetic properties of the electrodeposited nanowires are determined by shape anisotropy and long-range wire-wire magnetic interactions. For a diluted nanowire composite sample such as the one being studied here, the wire-wire interactions can be neglected and the nanowire orientation effect is dominant. For the unaligned sample, no magnetic anisotropy was observed and the magnetic hysteresis loops are the same in all directions. For the composite samples with aligned nanowires, figure 4(d) compares the typical magnetization hysteresis loops when the external field was applied parallel and perpendicular to the aligned Ni nanowires. Along the alignment direction a much squarer loop can be observed with smaller saturation magnetization field and high remnant magnetization in comparison to the perpendicular directions. All perpendicular directions show similar hard axis characteristics. The aligned sample magnetic anisotropy is not as strong as that which has been observed when the nanowires are embedded in the templates, which can be attributed to the remaining misalignment of the nanowire.
Figures 5(a) and (b) show the scanning electron microscopy images of fractured surfaces of composite samples. The images show that the fractured surfaces contain Ni nanowires that have been pulled out during tensile testing.
The nanowires were covered with a polymer sheath with a layer thickness of about 100 nm.
This reveals the failure of polymer rather than the polymer-nanowire interface, indicating an excellent interfacial interaction between PDMS and the nanowires.
Summary
Magnetic field alignment of one-dimensional nanowires in fluids has been investigated. Due to the small dimensions, nanowire motion in liquids is dominated by viscous flow behavior. The nanowire acceleration and deceleration are instantaneous. A dynamic model considering only the driving force and fluid drag can well describe the nanowire alignment process if the fluid drag coefficient can be accurately determined. For magnetized nanostructures, magnetic alignment provides an inexpensive, non-contact, versatile and highly effective approach for nanocomposite fabrication. Fabrication of anisotropic polymer nanocomposites with controlled nanofiller orientations has been demonstrated. Efficient manipulation and the understanding of nanowire motion in liquids can help the development of drug delivery vehicles, tissue engineering scaffolds, anisotropic polymer composites, light switches, and current rectifiers.
The metal-polymer composites can be used as protective coatings, electromagnetic wave shielding materials, static dischargers and vibration/acoustic dampers.
